Peptides have been in the limelight, as therapeutic agents for cancer treatment through various applications due to their high target selectivity and exceptional ability to penetrate the cell membrane. Recent studies have revealed that synthesized peptides bind to hairpin structures of RNA that affect their activities such as changing the efficacy of microRNA maturation. MicroRNA-mediated p53 activation by the microRNA-29 (miR29) family is one of the most important regulatory pathways in cancer therapeutics. By targeting the suppressors of p53, a tumor suppressor protein, miR29 induces apoptosis of cancer cells through p53 stabilization. Here, we identify a novel synthesized amphiphilic peptide, LK-L1C/K6W/L8C, which enhances expression of miR29b and promotes p53 activity. In the presence of LK-L1C/K6W/L8C, pre-miR29b preferentially forms a complex with the Dicer protein through interaction of LK-L1C/K6W/L8C with the terminal loop region of pre-miR29b, leading to an increase in Dicer processing. Furthermore, LK-L1C/K6W/L8C stimulates apoptosis by improving p53 stability in miR29-inducible HeLa and MCF7 cells. Collectively, our study shows that a peptide can directly influence the miR29b-mediated p53 activation pathway in cancer cells. Therefore, our findings provide the basis for a new, potentially promising peptide-based drug for cancer therapy.
Introduction
The p53 is an essential tumor suppressor protein that kills cancer cells through apoptosis and senescence. Although many cancer cells possess mutated forms of p53, resulting in severe malignancy, a tumor with the wild type p53 is still affected by stress-induced p53 activation. 1 It is well-known that p53 is quickly accumulated under stressful conditions such as DNA damage or oxidative stress, leading to cell death. 2 Therefore, p53 is tightly regulated by multiple pathways. MicroRNAs (miRNAs) are one of the p53 regulators in cellular regulatory mechanisms. 3 miRNAs are endogenous small noncoding RNAs of approximately 22 nucleotides that can regulate the expression of target genes by binding to target messenger RNA (mRNA) for cleavage or translational repression. 4 In recent studies, the role of miRNAs has been highlighted in many types of cancer. [5] [6] [7] Several miRNAs can regulate tumor development by targeting oncogenes and/or genes that control cell differentiation or apoptosis in diverse human cancers. 8, 9 Many studies have shown that p53 can regulate miRNAs directly and indirectly. [10] [11] [12] [13] p53 can transcriptionally activate several miRNAs which target cell cycle related genes that inhibit cell cycle progression, resulting in the induction of apoptosis in tumor cells. 3, 14 On the other hand, p53 can be regulated by miRNAs which directly bind to the 3′ untranslated region of p53 mRNA resulting in reduced levels of p53. 14 In contrast, the miR29 family was the first group of miRNAs identified as p53 positive regulators achieving their regulatory effects through the inhibition of p85a and CDC42. 15 Recently, miR542-3p was found to activate p53 by inhibiting proteasomal degradation of p53. 16 In the viewpoint of cancer therapy, the modulation of miRNA levels is considered an attractive approach since miRNAs act as key regulators in cancer. 17, 18 Thus, there have been efforts to find the effective biomolecules (e.g., small molecules and peptide nucleic acids) which can regulate specific miRNAs and their biological functions such as induction of apoptosis and inhibition of cell proliferation. 19, 20 In this study, we focused on the miR29-p53 regulatory pathway because the modulation of p53 activity leads to apoptosis in cancer cells. Therefore, we attempted to identify novel modulators for miR29-p53 pathway as potent anticancer drugs.
Peptides are feasible therapeutic agents due to their small size, ease of modification, and cell-penetrating ability. 21, 22 Among various types of peptides, amphiphilic peptides which are a class of cell-penetrating peptides, can be used for powerful applications such as drug delivery because they facilitate cellular uptake of various molecules leading to therapeutic effects in target cells. 23, 24 Furthermore, previous studies have shown that amphiphilic α-helical peptides can selectively and strongly bind to hairpin RNAs. [25] [26] [27] In accordance with this idea, we hypothesized the existence of peptide(s) that can affect miR29 expression by up-regulating p53 activity in cancer cells.
For many years, there have been extensive efforts to find effective screening methods for the identification of peptidebased therapeutic agents. For example, synthetic peptide libraries have been developed for the selection of peptides, which are effective at disrupting disease pathways. 28, 29 Here, we performed cell-based screening in order to identify novel peptides, which induce apoptosis via the miR29-mediated p53 pathway in cancer cells. We further investigated a peptide (named LK-L1C/K6W/L8C) that binds to the terminal loop region of pre-miR29b, which improves the complex formation between pre-miR29b and Dicer, promoting Dicer processing. We also showed that LK-L1C/K6W/L8C improves p53 stability and increases apoptosis induction in cancer cells. In addition to identifying novel therapeutic peptides, our study may be able to provide insight into the mechanisms through which peptides achieve anticancer effects.
Results

Anticancer activity of LK-L1C/K6W/L8C through miR29 and p53
To identify potential anticancer peptides, we screened 60 amphiphilic peptides, which were composed of 16 amino acids in length as shown in Supplementary Table S1 . Previous studies reported that amphiphilic peptides which are comprised of Leu/Lys (LK) or Leu/Arg (LR) can bind to hairpin RNAs. 25, 30 Therefore, we synthesized new amphiphilic peptides that were positionally mutated from LK (peptide number 1) and LR (peptide number 39) as the starting peptides (see Supplementary Table S1) .
First, to screen for the candidate peptides that could enhance p53-activated apoptosis, we evaluated the cell viability for peptide-treated cells using the MTS Figure S1a ). In this screen, we used the stable cell line expressing miR29-inducible system in HeLa to select the peptides, which could promote miR29-mediated p53 activation at physiologically relevant conditions. This was because miR29 levels were very low in HeLa cells (see Supplementary Figure S2a) . 15 Cells were treated with 60 peptides for 72 hours in the presence or absence of doxycycline (dox). Primary screening showed that the 60 peptides affected cell viability differently. Since we were interested only in the peptides that could up-regulate p53 activity, seven candidates exhibiting the lowest cell viabilities were selected for further experimentation: peptide 5, 8, 23, 28, 35, 44, and 57 . In all the experiments, peptide number 60 (named LRR13Aad/L14W/A15R) was included as a control because its effect on cell viability was similar to that of the mock control.
To narrow down the candidates from the screen, we examined miR29 expression levels in cells after peptide treatment, as well as tested p53 activity. Excluding peptide 5, the other six peptides and the control peptide (LR-R13Aad/L14W/ A15R) were examined in the following experiments. Peptide 5 was excluded from further study due to its irreproducibility.
We examined miR29 expression in the selected peptidetreated cells using quantitative real-time polymerase chain reaction. There are three members of the miR29 family: miR29a, miR29b, and miR29c. However, we only observed miR29a and miR29b expression levels because miR29c is not expressed in the miR29-inducible HeLa cell line. Initially, we tested miR29a expression levels in peptide-treated cells. The results showed that all of the candidates had no effect on miR29a levels (see Supplementary Figure S1b) . Later, we analyzed miR29b expression levels in peptide-treated cells. Interestingly, mature miR29b expression was ~2.5-fold higher in cells treated with LK-L1C/K6W/L8C (peptide 28) than in cells from the mock control (Figure 1a) , indicating that LK-L1C/K6W/L8C can increase the levels of mature miR29b.
Since miR29b activates p53 as described, 15 we tested p53 activity with the pG13-luciferase assay. In this assay, the activity of p53 can be quantified by the pG13-luc reporter plasmid contains tandem (x13) p53 binding sites upstream of the luciferase gene. 15 Luciferase activity was more than threefold higher in LK-L1C/K6W/L8C-treated cells when compared with the mock control (Figure 1b) , suggesting that LK-L1C/K6W/L8C can increase levels of mature miR29b and p53 (Figure 1a, b) .
To confirm that both LK-L1C/K6W/L8C and LR-R13Aad/ L14W/A15R peptides can readily penetrate into cells, we monitored the intracellular distribution of the peptides by fluorescence microscopy after labeling them with rhodamine (see Supplementary Figure S2b ). Cellular uptake of LK-L1C/K6W/L8C and LR-R13Aad/L14W/A15R was observed in low concentration (0.25 μmol/l) compared with the uptake of the hepta-arginine (r7) peptide which is a well-known cellpenetrating peptide.
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Figure 1c summarizes the results of the screening for the peptide candidates that enhance miR29b-induced p53 activity. From these results, LK-L1C/K6W/L8C was determined to be the only candidate that increases both miR29b and p53 activities.
LK-L1C/K6W/L8C promotes Dicer processing of premiR29b in vitro
To study how LK-L1C/K6W/L8C increases miR29b levels, we examined whether the process of miR29b biogenesis is affected by LK-L1C/K6W/L8C. Since miRNA is generated consecutively by Drosha and Dicer processing, we performed in vitro processing assays for Drosha and Dicer activities. Primary miR29b (pri-miR29b) substrates were labeled with [α- Figure S3d) . The in vitro enzymatic activity assay of Drosha with pre-miR29b was carried out with three peptides: LK-L1C/K6W/L8C, LR-R13Aad/L14W/A15R, and LK (see Supplementary Figure S3c ). LK peptide is the prototype of LK-L1C/K6W/L8C and was included as a control in this in vitro Drosha processing assay. An analysis of the data shows that LK-L1C/K6W/L8C does not affect Drosha activity during the processing of pri-miR29b.
Next, we examined in vitro Dicer processing of pre-miR29b to investigate the effect of LK-L1C/K6W/L8C on Dicer activity. The synthetic pre-miR29 family and pre-let7a substrates were labeled with [γ- 32 P] ATP at the 5′end, and immunopurified human Dicer was prepared (see Supplementary Figure S3e) . The in vitro Dicer processing assay of pre-miR29b was conducted with the same three peptides from the Drosha assay. In the presence of LK-L1C/K6W/L8C, the efficiency of pre-miR29b processing into mature miR29b increased ~1.5-fold when compared with the pre-miR29b processing efficiency of the mock control (Figure 2a) . On the other hand, none of the three peptides showed any significant effect on Dicer processing of pre-miR29a (Figure 2b) . Furthermore, these peptides had no influence on Dicer processing on both prelet7a and pre-miR29c (see Supplementary Figure S3a , b). The data suggest that LK-L1C/K6W/L8C can promote in vitro Dicer processing of pre-miR29b, but not of pre-miR29a, premiR29c, or pre-let7a.
LK-L1C/K6W/L8C facilitates complex formation between pre-miR29b and Dicer by binding to the terminal loop region of pre-miR29b
To understand better, how LK-L1C/K6W/L8C enhances the Dicer processing of pre-miR29b, we examined whether LK-L1C/K6W/L8C binds to pre-miR29b. The RNA footprinting assays of pre-miR29a and pre-miR29b were conducted with RNase T1 and RNase A (see Supplementary Figure S4 ). As LK-L1C/K6W/L8C concentration increased, the cleavage products of pre-miR29b were reduced 
(see Supplementary Figure S4a ), whereas those of premiR29a were not (see Supplementary Figure S4b ), indicating that pre-miR29b was protected from both RNase T1 and RNase A. These results suggest that LK-L1C/K6W/L8C can bind to pre-miR29b, but not to pre-miR29a. Next, we monitored the interaction between pre-miR29a and Dicer; and the interaction between pre-miR29b and Dicer in the presence of LK-L1C/K6W/L8C. We investigated whether LK-L1C/K6W/L8C can affect complex formation between pre-miR29a or pre-miR29b and Dicer protein by a gel mobility-shift assay. Recombinant human Dicer protein was prepared using the baculovirus expressing system, and both pre-miR29a and pre-miR29b substrates were labeled with [γ- 32 P] ATP at the 5' end of the RNA. As LK-L1C/K6W/L8C concentration increased, the formation of the Dicer and pre-miR29b complex became more efficient than that of Dicer and pre-miR29a (Figure 3a,b) . As can be seen in Figure 2a , the results showed that the efficiency of in vitro Dicer activity increased for premiR29b by ~1.7-fold, presumably because Dicer binds to pre-miR29b more easily in the presence of LK-L1C/K6W/ L8C (Figure 3b) . This indicates that LK-L1C/K6W/L8C can improve the complex formation between pre-miR29b and Dicer, resulting in an increase of processed pre-miR29b by Dicer.
Recent reports demonstrated that certain peptides affect Dicer activity by binding to the terminal loop regions of pre-miRNA. 27 ,29 Therefore, we tested the location of the region that is crucial for enhanced Dicer processing of premiR29b in the presence of LK-L1C/K6W/L8C. Synthetic (a) In vitro processing assay for pre-miR29b was performed by treating the indicated peptides with immunopurified human Dicer. The dicing reaction was conducted for 2.5 minutes. The RNA size markers (decade marker, Ambion) were displayed on the left side of the gel. Values indicate ratios of mature miRNA to mature and precursor miRNA was quantified and normalized with mock sample. Relative levels of mature miR29b were presented below (n = 3, mean ± SD). (b) In vitro Dicer processing of pre-miR29a was carried out with peptides. Proportion of mature miRNA was quantified and normalized, as described in Figure 2a . Relative levels of mature miR29a were indicated below (n = 3, mean ± SD). 
In vitro Dicer processing assay (pre-miR29b) a In vitro Dicer processing assay (pre-miR29a) b pre-miRNAs were prepared, similar to pre-miR29a and pre-miR29b but with the terminal loop regions switched (Figure 3a, Supplementary Figure S5) . In vitro Dicer processing assays of pre-miRNA were performed with recombinant human Dicer. In the presence of LK-L1C/K6W/L8C, pre-miRNA containing the terminal loop of pre-miR29b was processed ~twofold more efficiently by Dicer when compared with the same pre-miRNA in the absence of LK-L1C/ K6W/L8C (Figure 3c) . Interestingly, these data suggest that the LK-L1C/K6W/L8C peptide preferentially acts on the terminal loop region of pre-miR29b to promote its Dicer processing. Pre-miR29b Pre-miR29a LK-L1C/K6W/L8C improves p53 protein stability and promotes apoptosis To examine why p53 expression was higher in the LK-L1C/ K6W/L8C-treated cells (Figure 1b) , we initially measured p53 protein levels by western blot analysis. However, since there was no significant effect of LK-L1C/K6W/L8C on p53 protein levels (data not shown), we instead monitored the stability of the p53 protein by treating it with cycloheximide, an inhibiter of de novo protein synthesis (Figure 4a ). After treatment with LK-L1C/K6W/L8C, LR-R13Aad/L14W/A15R, and LK for 24 hours, cycloheximide was added to miR29-inducible HeLa cells. The half-life of the p53 protein is short in most cells but it is remarkably short in the HeLa cells. 32 However, we observed a longer p53 half-life in HeLa cells treated with LK-L1C/K6W/L8C. As shown in Figure 4a , the p53 protein was more stable in miR29-inducible HeLa cells treated with LK-L1C/K6W/L8C than in cells treated with other peptides, suggesting that LK-L1C/K6W/L8C activates p53 by stabilizing the protein.
To examine whether LK-L1C/K6W/L8C-treated cells facilitated induction of apoptosis, we evaluated apoptotic cell population using fluorescence-activated cell sorting analysis. miR29-inducible HeLa cells were treated with peptides (LK-L1C/K6W/L8C, LR-R13Aad/L14W/A15R, and LK) and incubated for 48 hours. Prior to analysis for apoptosis, the cells were stained with propidium iodide, a fluorogenic compound, to measure DNA content within the cells. The hypodiploid (sub-G1) peak was assessed to estimate apoptotic cell population. As shown in Figure 4b , the population of apoptotic cells increased as much in the sample treated with LK-L1C/K6W/L8C as it did in the etoposide-treated sample used as the positive control group for apoptosis induction. The results indicate that LK-L1C/K6W/L8C induces p53-activated apoptosis.
To confirm whether LK-L1C/K6W/L8C could induce apoptosis due to its cytotoxicity (i.e., nonspecific toxicity), we tested the cytotoxicity of the peptide by a cell viability assay. In this experiment, to exclude p53-induced apoptosis effect of Figure S6b) . The data show that the peptides have little cytotoxicity as low as the mock control.
LK-L1C/K6W/L8C elevates miR29b expression and enhances p53 activity in MCF7 cells
Cervical malignant HeLa cells are developed by the human papillomaviruses, containing the E6 protein, which stimulates p53 degradation. 32 Therefore, it was possible that LK-L1C/ K6W/L8C improved p53 stability by interfering with the interaction of the E6 proteins with p53. In order to rule out this alternative explanation, we investigated whether LK-L1C/ K6W/L8C could also extend the turnover rate of p53 protein in other cells, such as MCF7 breast carcinoma cells. Like the HeLa cells, MCF7 cells encoded normal p53 genes and expressed low levels of miR29. 15 Moreover, LK-L1C/K6W/ L8C can also penetrate into the MCF7 cell membranes at low concentrations as shown in see Supplementary Figure S7a . In accordance with the data described above (Figure 1a) , relative expression of miR29b in MCF7 cells treated with LK-L1C/K6W/L8C was elevated ~2.5-fold (Figure 5a) . In addition, p53 protein was accumulated in MCF7 cells incubated with LK-L1C/K6W/L8C (Figure 5b) , demonstrating that LK-L1C/K6W/L8C could improve the stability of p53 induced by miR29b. Consequently, LK-L1C/K6W/L8C can also induce apoptosis in MCF7 cells (see Supplementary Figure S7b ).
LK-L1C/K6W/L8C promotes p53 protein stability via the increase in miR29b levels
Several studies have reported that the pro-apoptotic peptide (KLAKLA) 2 , a peptide from one of the typical classes of amphiphilic peptides, disrupts mitochondrial membranes to cause apoptosis. 33, 34 To confirm that the mechanism of apoptosis induction by LK-L1C/K6W/L8C was through miR29b-mediated p53 activation, endogenous miR29b was inhibited using 2′-O-methylated antisense miR29b (anti-miR29b). This material is a synthetic reverse complement of mature miRNA and generally used to suppress the function of miRNA by binding tightly to the miRNA. 35 As shown in Figure 6a , relative miR29b levels were assessed by the Taqman miRNA assay, confirming that endogenous levels of miR29b were successfully down-regulated in both miR29-inducible HeLa and MCF7 cells. It should be noted that the miR29b levels were elevated in the presence of LK-L1C/K6W/L8C in antisiGFP-treated cells (control).
Subsequently, a p53 stability test was performed in cells treated with anti-miR29b in the presence or absence of LK-L1C/K6W/L8C using western blot analysis (Figure 6b, c) . In miR29-inducible HeLa and MCF7 cells, p53 proteins were degraded in samples treated with anti-miR29b in spite of a cotreatment with LK-L1C/K6W/L8C, exhibiting similar stability compared with the p53 proteins in the mock control samples. These data indicate that LK-L1C/K6W/L8C improves p53 protein stability by increasing the level of mature miR29b in cancer cells.
Discussion
There is clear consensus that p53 is a key element in overcoming cancer diseases. 36, 37 Additionally, miRNAs are critical regulators for controlling cancer-associated genes. [5] [6] [7] Between many miRNAs in the p53 pathway, miR29 family is a good therapeutic target because it can up-regulate p53 activity and induce apoptosis in cancer cells. 15 Unfortunately, direct introduction of miR29 into cells is an unfeasible therapeutic method because miRNA and siRNA have poor cell penetration capabilities.
38,39 Therefore, we tried to find alternative approaches to increasing miR29 levels in cancer cells.
A great majority of available drug therapies for human diseases rely on functional peptides to achieve therapeutic results. Mock, LR-R13Aad/L14W/A15R, and LK peptides were used as controls. Values for relative miR29b expression of samples treated with each peptide were normalized to that of mock sample (n = 3, mean ± SD). (b) Western blotting of p53 protein visualized protein stability after treating the indicated peptides. GAPDH served as a loading control. Quantification of the p53 protein levels was presented in graph (n = 3, mean ± SD). : CHX (minutes)
Peptides have several benefits that can be easily modified for diverse applications. 21, 22, 40 Cell-penetrating peptides enhance penetration to intracellular regions due to their cationic residues, so they are commonly used as delivery agents of drugs. 23, 24 In particular, amphiphilic peptides, a class of the cell-penetrating peptides, show efficient uptake into cell membranes even at lower concentrations compared with r7, a common cell-penetrating peptides (see Supplementary Figures S2b and S7a) .
Unlike several studies of peptides as delivery vehicles, [41] [42] [43] we attempted to screen for synthesized amphiphilic peptides that have therapeutic activities (e.g., anticancer activity) and could facilitate their own delivery. For example, many reports found different synthetic peptides that could restrict cancer development through independent mechanisms, involving induction of apoptosis, inhibition of angiogenesis and cell proliferation. 29, 44, 45 In this study, we identified the LK-L1C/K6W/L8C peptide as a directed modulator of the miR29b-mediated p53 pathway, achieving its effect through the regulation of Dicer activity. We performed cell-based screening for peptide candidates by evaluating their ability to decrease cell viability, to increase the expression of miR29b, and to promote p53 activity ( Figure 1c) . Our data revealed that LK-L1C/K6W/L8C could bind to pre-miR29b and promote its processing to generate mature miR29b by Dicer, which facilitates apoptosis induction by improving the stability of p53 protein in cancer cells.
Interestingly, our results showed that the Dicer processing of pre-miR29b was stimulated in the presence of LK-L1C/ K6W/L8C, but not pre-miR29a and pre-miR29c, which are the other members of the pre-miR29 family, or pre-let7a (Figure 2a,b and Supplementary Figure S3a, b) . These results suggest that LK-L1C/K6W/L8C may selectively affect pre-miR29b processing by Dicer. In addition, our data demonstrate that LK-L1C/K6W/L8C preferentially interacts with the terminal loop region of pre-miR29b, leading to the promotion of cleavage activity by Dicer on pre-miR29b (Figure 3b ,c and Supplementary Figure S4) . As supporting evidences, independent groups reported that synthetic peptides can bind to the terminal loop regions of pre-miRNAs and affect their processing by Dicer. 27, 29 Moreover, the synthetic peptides could change the conformation of pre-miRNAs and enhanced the processing activity of Dicer. 27 Therefore, we propose that LK-L1C/K6W/L8C functionally binds to the terminal loop region of pre-miR29b, and improves the complex formation between pre-miR29b and the Dicer protein.
Activation and stability of the p53 protein are essential for defending against cancer development. 1 We show herein that LK-L1C/K6W/L8C can improve p53 protein stability and induce apoptosis in HeLa and MCF7 cancer cells (Figures 4 and 5b  and see Supplementary Figure S7b ). In addition, we show further evidence that LK-L1C/K6W/L8C directly promotes p53 stability via increased miR29b levels in cancer cells (Figure 6 ). These results suggest that LK-L1C/K6W/L8C affects directly on miR29b-p53 pathway and it could be a promising candidate for peptide-based anticancer drugs.
In conclusion, we identified the first directed modulator of miR29b-p53 pathway. Moreover, our study revealed that the synthetic peptide LK-L1C/K6W/L8C can bind to terminal loop region of pre-miR29b and promotes its Dicer processing by fostering the complex formation between pre-miR29b and the Dicer protein. This leads to elevated levels of miR29b, thus resulting in an increase in p53 activity and subsequently a higher rate of apoptosis induction in cancer cells. We strongly suggest that LK-L1C/K6W/L8C can primarily bind to premiR29b due to the abundance of pre-miR29b, which is the main target of the peptide, thus having predominant influence on the miR29b-p53 pathway in cancer cells. Therefore, we suggest that LK-L1C/K6W/L8C is a potent anticancer peptide and potentially applicable as therapeutic drugs.
In this study, we selected the effective peptide on the miR29b-p53 pathway from rather small scale of library. Furthermore, to utilize the peptide as a therapeutic agent for cancer treatment, we will develop secondary libraries systematically with the strategy as previously described, 25 and improve the peptide more effective and stable in cells. In addition, the effect of LK-L1C/K6W/L8C in vivo system (animal model) should be tested in further investigation. Nevertheless, our study may contribute to the development of novel therapeutic drugs.
Materials and methods
Cell culture. Tetracycline-inducible miR29a/b HeLa cell lines (gifts from V. Narry Kim) were established by transfecting cells with pcDNA-miR29a/b plasmid, as described.
15 Doxycycline (dox, 5 mg/ml), a tetracycline analog, was treated to induce miR29 for 24-72 hours. These cells were maintained in Dulbecco's Modified Eagle's Medium supplemented with 10% (v/v) Fetal Bovine Serum. Also, HeLa, MCF7, and HCT116p53KD (gifts from V. Narry Kim) cells were cultured in Dulbecco's Modified Eagle's Medium with 10% Fetal Bovine Serum. HCT116, SW480, and SNU-638 were cultured in Roswell Park Memorial Institute 1640 (RPMI1640) with 10% (v/v) Fetal Bovine Serum. All cells were cultured in a 37°C incubator at 5% CO 2 .
Peptide synthesis. All peptides were synthesized by a standard solid phase peptide synthesis method using Fluoren-9-ylmethoxy carbonyl-protecting group links amide 4-methylbenzhydrylamine resin (0.6 mmol/g) as 25 μmol scale. The amino acids were purchased from NovaBiochem (Darmstadt, Germany). The synthesized peptides were acetylated at the N-terminus, purified by HPLC (Agilent 1,100, Santa Clara, CA, column Zorbax C18) and validated using MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Billerica, MA), as previously described. 27 For the rhodamine conjugation, rhodamines were synthesized at the N-terminus of peptides without acetylation. For the cytotoxicity assay, HCT116 p53KD cells were seeded in 96-well plates. One day later, peptides (LK-L1C/ K6W/L8C and LR-R13Aad/L14W/A15R) and the mock control were treated at concentrations of 50, 100, 250, 500, and 1,000 nmol/l. After 24 hours incubation, the MTS (3-[4,5,dimethylthiazol-2-yl]-5-[3-carboxymethoxy-phenyl]-2-[4-sulfophenyl]-2H-tetrazolium, inner salt) solution was added and the samples were measured by a microplate reader. All experiments were conducted in triplicates.
Northern blotting of miRNA. Total RNAs were extracted by using TRI Reagent solution (Ambion, Waltham, MA) according to the manufacturer's protocol. Total RNAs were resolved on 15% UREA-PAGE and transferred onto Hybond-NX membrane (GE healthcare, Chicago, IL), as described previously. 46 The oligonucleotide probes were labeled with [γ-32 P] ATP using T4 polynucleotide kinase (Takara, Shiga, Japan). These DNA probes were as follows: probe for miR29a, 5′-TAACCGATTTCAGATGGTGCTA-3′; probe for (Sigma) was treated for 10 minutes. Then, the cells were washed twice with phosphate-buffered saline and observed using fluorescence microscopy (Nikon Eclipse Ti, New York, NY ) equipped with 40X objective. Figure S1 . Screening for peptides promoting p53-activated apoptosis and increasing miR29a levels. Figure S2 . miR29-inducible HeLa cells express both miR29a and miR29b in a dox-dependent manner and facilitate cellular uptake of amphiphilic peptides. Figure S3 . LK-L1C/K6W/L8C has no influence on Dicer processing of pre-let7a and pre-miR29c, and Drosha processing of pri-miR29b in vitro. Figure S4 . LK-L1C/K6W/L8C binds to pre-miR29b, but not to pre-miR29a. Figure S5 . Scheme of pre-miRNA switching the terminal loop region between pre-miR29a and pre-miR29b. Figure S6 . The cytotoxicity of the peptides in a dose-dependent manner. Figure S7 . LK-L1C/K6W/L8C readily penetrates and induces apoptosis in MCF7 cells. Table S1 . Names and sequences of 60 amphiphilic peptides.
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